X-ray emission spectra recorded in the off-resonant regime carry information on the density of unoccupied states. It is known that by employing the Kramers-Heisenberg formalism, the high energy resolution off-resonant spectroscopy (HEROS) is equivalent to the x-ray absorption spectroscopy (XAS) technique and provides the same electronic state information. Moreover, in the present Letter we demonstrate that the shape of HEROS spectra is not modified by self-absorption effects. Therefore, in contrast to the fluorescence-based XAS techniques, the recorded shape of the spectra is independent of the sample concentration or thickness. The HEROS may thus be used as an experimental technique when precise information about specific absorption features and their strengths is crucial for chemical speciation or theoretical evaluation. DOI: 10.1103/PhysRevLett.112.173003 PACS numbers: 32.30.Rj, 31.15.ag, 32.70.Jz, 32.80.Fb The high-intensity and highly monochromatic x-ray radiation available at synchrotron sources allow researchers from different disciplines to study the local electronic and geometric structure of materials by means of x-ray absorption spectroscopy (XAS). To record a XAS spectrum the x-ray energy is tuned around the electron binding energy of the element of interest, thereby exciting electrons from one of the core levels to unoccupied states or into the continuum. The photo-absorption process depends on the photon energy and is a measure of the material's absorption coefficient which in turn provides information on the material properties. The energy region around the absorption edge, namely the x-ray absorption near edge structure (XANES), reflects the density of empty states [1]. The region starting about 100 eV above the absorption edge is called the extended x-ray absorption fine structure (EXAFS) region, and the analysis of this region yields information on the local geometric structure [2] .
The high-intensity and highly monochromatic x-ray radiation available at synchrotron sources allow researchers from different disciplines to study the local electronic and geometric structure of materials by means of x-ray absorption spectroscopy (XAS). To record a XAS spectrum the x-ray energy is tuned around the electron binding energy of the element of interest, thereby exciting electrons from one of the core levels to unoccupied states or into the continuum. The photo-absorption process depends on the photon energy and is a measure of the material's absorption coefficient which in turn provides information on the material properties. The energy region around the absorption edge, namely the x-ray absorption near edge structure (XANES), reflects the density of empty states [1] . The region starting about 100 eV above the absorption edge is called the extended x-ray absorption fine structure (EXAFS) region, and the analysis of this region yields information on the local geometric structure [2] .
X-ray absorption spectra can be measured in the transmission, fluorescence, and electron-yield mode [3, 4] . In the transmission mode, the XAS spectra are measured by recording the intensity of the photon beam before and after the sample. The fluorescence mode involves the use of x-ray emission spectroscopy (XES) techniques allowing detection of the fluorescence yield as a function of the incident photon energy. The XAS spectrum can be obtained from either the total fluorescence yield (TFY) or the partial fluorescence yield (PFY) measurements. In TFY the fluorescence intensity is integrated over a broad emission energy range, while in the PFY it is integrated over a selected emission energy range. In particular, the fluorescence yield integrated over an energy band centered at a given fluorescence line and narrower than the natural linewidth of the latter is referred to as the high energy resolution XAS [5, 6] . It provides more detailed information about absorption features and allows precise chemical speciation [7] .
The field of x-ray absorption spectroscopy is a very important tool in the fields of physics, chemistry, medicine, biology, and material sciences (see, e.g., Refs. [8] [9] [10] [11] [12] [13] [14] ). In view of the wide range of applications of XAS-based techniques in different disciplines, considerable progress on the experimental side and a large amount of effort to account for self-absorption effects in XAS spectra measurements has been made. It has been long established that conventional fluorescence mode XAS measurements suffer from the self-absorption process in the target material [15] . The self-absorption occurs when the induced fluorescence radiation is partially absorbed in the sample on its way out. The measured fluorescence yield as a function of the photon energy depends thus not only on the sample properties but also on the photon penetration depth and the escape length.
Different approaches to obtain fluorescence data unaffected by this phenomenon have been proposed so far. Ablett et al. [16] as well as Booth and Bridges [17] , independently, reported on an analytic method to correct the measured XAS spectra for self-absorption effects. Their approach, however, assumes that the linear attenuation coefficient of the material under study is known, whereas measurements of linear absorption coefficients require in principle XAS spectra already free of self-absorption effects. Recently, Achkar et al. [18, 19] introduced the inverse partial fluorescence yield (IPFY) method which relies on measuring the x-ray emission fluorescence from an element or core-hole excitation that is different from the [18] . Nonetheless, in many scientific cases the self-absorption problem cannot be circumvented because of the nature of the sample itself whose mass thickness may not be easily reduced either by thinning or diluting. In conclusion, one can state that mitigation of self-absorption has been and still is a topic of active research (see, e.g., Refs. [18] [19] [20] [21] ).
As recently demonstrated, an alternative approach to measure XAS spectra in the fluorescence mode is the high energy resolution off-resonant spectroscopy (HEROS) [22] [23] [24] . This technique is based on theoretical investigations of Tulkki and Åberg [25] . It combines the irradiation of the sample at a fixed incident beam energy, detuned to below an absorption edge, with the detection of the x-ray fluorescence by means of a dispersive-type spectrometer. Thanks to that, the unoccupied electronic states may be probed using a fixed optical arrangement. The very attractive feature of the off-resonant technique is that the incoming beam energy is fixed and of a single energy. In addition, the energies of both the incident beam and the fluorescence radiation are below the investigated absorption threshold. In this Letter, we present the L 3 absorption edge spectrum of elemental Ta measured by means of different XAS techniques. Ta was chosen because the XAS L 3 white line which is very sensitive to the self-absorption effect is particularly strong for this element. We demonstrate that the spectral features in the XAS spectra measured in the transmission and the fluorescence mode change with the sample thickness, while the HEROS spectra show no dependence. The change of the sample thickness (concentration) results solely in the entire HEROS yield modulation.
The measurements were carried out at the SuperXAS beam line of the Swiss Light Source of the Paul Scherrer Institute, Switzerland. The collimated x-ray beam was monochromatized by means of a double Si(111) crystal monochromator and focused by a toroidally bent Rh mirror on the sample to a spot size of 100 × 100 μm 2 . The photon flux was 7-8 × 10
11 photons=second with a relative energy resolution of 1.4 × 10 −4 . Nine Ta metallic foils of nominal thicknesses in the range 0.5-50 μm were irradiated at ambient conditions at an incident angle of 45°. The Ta Lα 1;2 XES spectrum was detected by means of a wavelength-dispersive spectrometer [26] based on the von Hamos geometry consisting of a cylindrically curved segmented-type Si(444) crystal and the position-sensitive microstrip silicon MYTHEN detector [27] . From a Gaussian fit to the elastic scattering peak, the full width at half maximum (FWHM) experimental resolution of 1.3 eV was found. For transmission mode measurements two 30-cm-long, helium filled, ionization chambers were used. For each sample, the L 3 absorption edge XAS spectrum was measured in the transmission and fluorescence mode simultaneously. The TFY and high-resolution XAS spectra were obtained from the Lα 1;2 XES data measured for x-ray beam energies tuned around the L 3 edge. The off-resonant emission spectrum was collected at a beam energy of 26 eV below the L 3 edge. The acquisition time for each XES spectrum was 10 s and for the HEROS spectrum 6000 s.
The principle of HEROS is based on the KramersHeisenberg formula modified by Tulkki and Åberg [25, 28] , which describes the differential cross section of the resonant inelastic x-ray scattering (RIXS) process [29] . Schematic energy diagrams illustrating RIXS are presented in Fig. 1 . For photon energies above the absorption edge threshold [see Fig. 1(a) ], the excitation of a core-level electron into an unoccupied state above the Fermi level is followed by the deexcitation of another core-level electron and the emission of x-ray fluorescence. The resulting fluorescence spectrum is broadened by both the initial and the final state widths. In the off-resonant regime, as the energy of the incident photon is not high enough to promote the inner-shell electron above the Fermi level, the emitted photon gives away part of its energy to the photoelectron in the scattering process. The energy of the emitted photon is thus reduced with respect to the fluorescence line energy, and the resulting XES spectrum carries information on the density of unoccupied states, as illustrated in Fig. 1(b) . Because of the coherence of the core-hole excitation and deexcitation in the off- resonant   FIG. 1 . Schematic of the RIXS process for an incident photon energy ℏω 1 involving excitation of an electron from the initial state of energy E i to an unoccupied state E above the Fermi level, and electron deexcitation from the final state of energy E f accompanied by the emission of a photon with the energy ℏω 2 . For incident photon energies greater or equal to the absorption edge energy, the x-ray scattering can be considered as a two-step process and ℏω 2 ¼ jE i j − jE f j (a). Otherwise, the excitation and deexcitation occur coherently and a one-step picture applies, where ℏω 2 ðEÞ ¼ ℏω
conditions, the initial state width does not contribute to the XES spectrum broadening.
Assuming that the intensity of the emitted radiation is proportional to the scattering cross section and the oscillator strength distribution for electron excitation to the density of unoccupied states, for off-resonant excitation well below the ionization threshold one can reformulate the equation of Tulkki and Åberg [25] as follows [22] :
where I XES ðℏω 2 Þ denotes the emission spectrum, I XAS ðEÞ stands for the XAS spectrum as a function of the excited photoelectron energy E, and Γ i is the initial state broadening; the meaning of the remaining symbols is the same as in Fig. 1 . The final state broadening is omitted. Eq. (1) thus becomes readily transformable and allows retrieving from the off-resonant XES data I XES ðℏω 2 Þ the XAS spectrum which is proportional to the linear absorption coefficient μ as a function of the photon energy (E þ jE i j). Note that μðE þ jE i jÞ ¼ μðℏω 1 − ℏω 2 þ jE i j − jE f jÞ according to the energy conservation relation (see Fig. 1 ) [25, 30] . In Fig. 2 we present XAS spectra of elemental tantalum around its L 3 absorption edge for different sample thicknesses recorded in the transmission mode, TFY, and high energy resolution. In the transmission mode spectra, plotted in Fig. 2(a) , the white line is observable only for samples up to a thickness of 20 μm. It was found that the diminution of the white line intensity is accompanied by an 2 eV increase of its FWHM. For thicker samples also a decrease of the overall spectral intensity resulting in an apparent shift of the absorption edge energy with the sample thickness is clearly seen. This well-known effect is named the "overabsorption" or "thickness" effect [31] or the "incident beam self-absorption" [32] . It arises from too high values of the product of the linear attenuation coefficient and the sample thickness. As a result, the transmitted photon intensity is no longer proportional to the photoabsorption cross section as the photon energy is varied across the edge. In order to avoid the overabsorption Stern and Kim [33] recommend to use sample thicknesses d satisfying the condition μ max d ≤ 1, where μ max stands for the maximum value of the absorption coefficient. Indeed, from among the studied Ta samples only the 0.5 μm and 1 μm thick ones comply with this recommendation while for the thickest one the μ max d product reaches a value of about 42.
The Ta L 3 edge high energy resolution and TFY XAS spectra are depicted in Fig. 2(b) and Fig. 2(c) , respectively, and in Fig. 2(d) a RIXS map is shown for illustration. Self-absorption effects are predominantly reflected in the intensity reduction of the white line and the broadening of the latter and to a smaller extent in distortions of the XANES peaks. Differences in the absorption spectra are only observable for sample thicknesses up to 10 μm. The recorded off-resonant XES and the reconstructed HEROS XAS spectra are shown in Fig. 3 . Figure 3(a) presents the off-resonant Ta Lα 1 fluorescence spectrum, and Fig. 3(b) the reconstructed XAS spectra of the Ta L 3 edge. As shown, the effects related to the sample thickness are almost blanked by the HEROS approach. For all the investigated samples the observed relative deviations which do not exceed 4% are not related to the sample thickness but are due to the statistical fluctuations.
To compare the self-absorption effects around the Ta L 3 edge in the conventional fluorescence XAS and HEROS methods, the normalized fluorescence yields (FY) for two different thicknesses d 1 and d 2 of a target characterized by the total linear attenuation coefficient μ tot were calculated using the following expression: 
where ϕ and θ are the incident and the exit angles with respect to the sample surface, respectively. The μ tot was obtained by scaling the transmission mode XAS spectrum measured for the 0.5 μm sample with the tabulated values of the absorption coefficient from Ref. [34] . Results of these calculations are compared in Fig. 4 . In the conventional fluorescence mode XAS, the measured fluorescence yield depends on both the penetration depth (which depends on the incident beam energy and varies very strongly in the resonant regime) and the fluorescence escape length (which depends on the fluorescence radiation energy and varies slowly with the emission energy). As a result, thicker (or more concentrated) samples will provide stronger FYðℏω 1 Þ signals, but will introduce stronger spectral distortions and reduction of the XANES peaks [see Fig. 4(a) ]. It can be seen from the plots in Fig. 4 that the spectral intensity modulations in fluorescence mode XAS are not as much due to the self-absorption of the emitted fluorescence radiation but to the differences in the incident photon penetration depth as a function of the photon energy. In contrast to the conventional fluorescence mode method, in the HEROS technique an XES spectrum is measured at a fixed off-resonant incident beam energy. The change of the target thickness, to a good approximation, introduces only scaling of the measured FYðℏω 2 Þ [see Fig. 4(b) ]. Processing the measured HEROS emission spectra by means of Eq. (1) yields absorption spectra whose shapes are independent of the target thickness [see Fig. 4(b) ].
In the present work we employed the HEROS technique to measure the Ta L 3 edge absorption spectrum. The HEROS technique is based on retrieving the absorption spectrum from the off-resonant emission data collected at an incident beam energy detuned below the absorption edge under investigation. In contrast to conventional transmission and fluorescence mode spectra, the impact of self-absorption effects on the final XAS spectrum is reduced to only the probability of reabsorption of the produced fluorescence radiation in the target which is usually nearly constant in the measured emission energy   FIG. 3 (color online) . Off-resonant XES spectra recorded for different sample thicknesses at an incident x-ray beam energy of 9.855 keV (a) and the reconstructed HEROS spectra corresponding to the Ta L 3 absorption edge (b). The reconstruction was done by means of Eq. (1). The XES spectra were normalized to coincide at the emission energy of 8.096 keV in (a) and the HEROS spectra at the excitation energy of 9.905 keV in (b). The scatter of the data at the top of the two peaks for different sample thicknesses is shown enlarged in the insets .   FIG. 4 (color online) . Calculations showing the effects of the target thickness on the Ta L 3 edge in the conventional fluorescence mode XAS (a) and in the HEROS (b), for ϕ ¼ θ ¼ 45°. In the XAS case the calculations were performed for a fixed x-ray emission energy corresponding to the Ta Lα 1 line (8.146 keV). In the HEROS case, the fluorescence yield ratios were first calculated. The calculations were performed for the beam energy used in the HEROS measurements (26 eV below the Ta L 3 edge). Then the energy scale of the x-ray emission was converted to the excitation energy scale using Eq. (1). For both XAS and HEROS, the yield ratios were calculated with respect to the 0.5 μm thick sample (i.e., d 2 ¼ 0.5 μm).
range. This is confirmed by the reconstructed HEROS spectra which were found to be independent of the target thickness. We have demonstrated that for the Ta L 3 edge the HEROS method circumvents the problem of selfabsorption effects, potentially allowing the investigation of any strongly absorbing sample with fluorescence XAS. HEROS provides thus an alternative to existing XAS techniques, in particular when they are not applicable. It is the method of choice for single-shot XAS spectra measurements and for time-resolved high energy resolution XAS studies. It also represents a powerful tool to follow chemical reactions [22] [23] [24] and to extract precise information on the electronic structure from XAS spectra, which are free of self-absorption effects.
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